Iron and cobalt materials have attracted enormous interest as low-cost alternatives to noble-metal catalysts able to catalyse oxygen reduction reaction. Here, the effect of the heteropolyacid H 3 PMo 12 O 40 (HPMo) into the structure of new composites formed by Fe, Co and reduced-graphene oxide/chitosan (rGOCS) has been investigated. Chitosan was used as a nitrogen precursor for nanocarbon, while reduced graphene oxide was introduced to tune the electrical conductivity. The physicochemical properties of electrocatalysts were performed by Raman, XRD, XPS and TEM. Activity toward ORR was carried out in a three-electrode electrochemical cell using a rotating disc electrode (RDE). The molybdophosphoric acid incorporation into the structure of Fe/rGOCS composites resulted in an increase of the activity of the oxygen reduction reaction in alkaline medium. Furthermore, the replacement of iron by cobalt yielded in a great improvement of the activity and stability, which may open new avenues for the design of nanomaterials utilizing HPMo/reduced-graphene oxide/chitosan composites.
Introduction
The oxygen reduction reaction (ORR) is the primary electrochemical reaction occurring at the cathode of low temperature fuel cells, and is central to these technologies because is the main source of efficiency losses [1] [2] [3] . Although Pt-based catalysts are widely regarded as the best catalyst for ORR at present, they also suffer from technical drawbacks. Therefore, there has been a steady movement on the use of Pt-free ORR catalysts in the past decades [4] [5] [6] [7] [8] [9] .
Among nonprecious metal catalysts, nitrogen-doped carbon with transition metals (M = Fe, Co) have demonstrated remarkably improved catalytic activity and stability for ORR in alkaline electrolyte [2, [10] [11] [12] [13] [14] [15] [16] [17] [18] . Such superior performance would be attributed to the synergetic effect between carbon nanomaterials with a large surface area/stable structure and the transition metal-based nanoparticles with high ORR electrocatalytic activities [10] . Traditionally, these catalysts are prepared by pyrolysis of carbon supported nitrogen-rich metal complexes or mixtures comprising a metal salt, a nitrogen-rich organic compound, and carbon in the presence of ammonia or an inert gas [19] .
In an effort to incorporate N species on the carbon support structure, carbon materials can be coated with N-containing polymers, such as polypyrrole, polyaniline, chitosan and more recently polydopamine [17, [20] [21] [22] [23] [24] [25] . Chitosan is a very abundant, nontoxic and low cost biopolymer, constituted of glucosamine and acetylglucosamine monomers, which has good complexing ability due to the presence of -OH and -NH 2 groups on the chain [21] . Chitosan has been recently chosen as both carbon and N sources due to its abundant N-bearing groups and the possible self-organization of the carbon species into graphene-like carbon nanosheets during carbonization [12, 14, 23, 24, 26, 27] . Recently, Qiao et al [23] have prepared graphene/nitrogen-doped porous carbon sandwiches for the metal-free oxygen reduction reaction using chitosan as nitrogen source. Nitrogen doping leads to an increased electrical conductivity due to electron excess in the delocalized π-system. Thus, the electrical conductivity and the number and the nature of the active sites were two important factors determining the performance of nitrogen-doped carbons in the ORR.
In this work, we describe the preparation and characterization of a series of four graphene/chitosan nanocomposites and transition metals, Fe and Co, for ORR in alkaline media. The effect of molybdophosphoric acid into the structure of these composites was also investigated. Graphene, a typical sp 2 structure material with excellent electron conductivity and environmental benignity, has been recognized as a superior candidate for the construction of catalysts, essential for various energy conversion and storage devices [28] . Graphene oxide (GO) rich in functional surface groups is introduced as a multi-functional substrate to anchor the chitosan precursors, direct its carbonization, and help the resultant nitrogen-doped carbon to adhere onto the graphene sheets. The heteropolyacid molybdophosphoric acid (HPMo) is considered to be a promising catalyst in various fields due to its unique physicochemical properties, including non-toxicity, structural variability, ultra-strong Brønsted acidity, low cost and high proton conductivity. These properties make HPMo attractive candidate for redox catalysts in electrochemical processes [29] [30] [31] [32] [33] [34] [35] . Stanis et al [32] investigated numerous types of heteropolyacid supported on Ketjen Black 600JD carbon as non-Pt catalysts for the ORR in acid electrolyte. They observed that only molybdenum based HPAs were active for the ORR and that vanadium substitutions improved the activity.
Herein, the morphology, chemical composition, physical properties and crystalline structure of all the composites were investigated using several instrumental methods.
The activity towards ORR of the electrocatalysts was tested using rotating disk electrode (RDE) technique in alkaline medium.
Experimental

Electrocatalyst fabrication
GO synthesis. Graphene oxide (GO) was synthesized from graphite powder by a modified Hummers method [36] . In detail, 96 mL of concentrated H 2 SO 4 (98 wt%, Merck) was added to a reaction flask containing 2 g of graphite powder and 2 g of NaNO 3 (99.99%, Sigma Aldrich) under stirring. The mixture was then subsequently cooled by immersion in an ice bath (temperature of the mixture was kept below of 5 °C), and 12 g of KMnO 4 (extra pure, Merck) was gradually added in to the mixture under stirring motion to obtain a homogeneous dispersion over a 2 h period.
Successively, the flask of mixture was stirred at 35 °C in an oil bath for 24 h. After that, the mixture of reaction was diluted with gradually addition of 400 mL deionized water. supported on rGO-Chitosan was also prepared using the similar route but without adding heteropolyacid into the rGO-Chitosan named Fe/rGOCS composite.
Physicochemical characterization
Elemental analysis was evaluated in a LECO CHNS-932 and metal loadings of the catalysts were determined by inductively coupled plasma optical emission spectrometry (ICP-OES) with a Perkin-Elmer Optima 3300 DV spectrometer. X-ray diffraction profiles of the powder catalysts were obtained on a PANalytical X'Pert Pro X-ray diffractometer with a Cu Kα source. Bragg's angles ranging from 4θ to 90θ were recorded at a scan rate of 0.02θ per second and with an accumulation time of 500 s.
Raman spectra were recorded at room temperature with a Renishaw in Via Raman
Microscope spectrometer equipped with a laser beam emitting at 532 nm and 5 mW output power. A HRTEM JEOL 2100F operating at an accelerating voltage of 200 kV was used to obtain transmission electronic microscope (TEM) images.
Electrochemical characterization
All electrochemical measurements were performed in a three-electrode cell controlled by an Autolab PGSTAT302N potentiostat-galvanostat. A reversible hydrogen electrode was used as reference and a carbon row as counter electrode. As working electrode, a rotating electrode (RDE, PINE) composed of a glassy carbon disk (geometrical area=0.196 cm 2 ) with 20 µL of the catalytic ink dried on it was used. The catalytic ink was prepared by sonicating 2 mg of catalyst with 15 µL of Nafion® (5%, Sigma Aldrich) and 300 µL isopropanol and 700 µL of water (Milli-Q, Millipore) [37] . 0. The number of electrons transferred n during the ORR was calculated by using the Koutecky-Levich equation, at various electrode potentials, according to Equation (1) and (2):
(1)
where J is the measured current density, J K and J L are the kinetic and diffusion-limiting current densities, respectively, ω is the angular velocity (rpm), n is electron transfer XRD analysis. The structure of the catalysts was investigated by means of XRD ( Figure 1) . In all the cases, a broad diffraction at a 2θ of approximately 25º correspond to the (002) plane of graphene, which indicates the graphitic nature of the materials.
From the literature it is known that graphene oxide has an intense peak at 2θ=∼10.5º
corresponding to the increase in the interlayer spacing due to the intercalation of oxygen-containing functional groups and water between the graphitic layers [39] . Additionally, all composites show a very weak reflection peak at higher 2θ value. This broader peak at 2θ = 43-44º, could be attributable to the presence of transition metal carbides or nitrides phases [13, [40] [41] [42] . The annealing of chitosan/M (M=Fe, Co) complexes along with graphene at 800ºC results in the formation of the M-N-C active sites together with the metallic or carbide/nitride phases. The low intensity and broad shape make difficult a univocal assignation to a crystallographic phase.
Raman spectroscopy. The structural and morphological features of the composites are further investigated using Raman spectroscopy and the corresponding spectra are displayed in Figure 2 . In all the cases, the spectra show the presence of characteristic Dband (1320 cm -1 ) and G-band (1592 cm -1 ) [43] . As is known, the G band related to the E 2g vibration mode of sp 2 carbon domains can be used to explain the degree of graphitization, while the D band is associated with structural defects and partially disordered structures of the sp 2 domains [44] . The extent of defects in the composites is 
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Fe/rGOCS (002) quantified by estimating the relative intensities of these two bands (I D /I G ratio). corresponds to Mo3p [45] . However, this peak could also be assigned to nitride species, indicating that the presence of a metal-nitrogen bond, and should not be discarded [46] . Figure 4 . High-resolution N1s XPS spectra of composites
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The high-resolution Mo 3d XPS spectra of HPMo/rGOCS composites in Figure 5A indicate the presence of Mo 6+ in MoO 3 species at 232.5 eV (Mo 3d 5/2 , stemming from molybdenum carbides or molybdenum nitrides [45, [47] [48] [49] . Figure 5B shows the Fe 2p core-level spectra of the Fe rGOCS composites. All spectra show a broad peak centred at ca. 711 eV which is usually ascribed to the presence of iron 
Electrochemical characterization
The electrocatalytic ORR activities of the composites were investigated using a three electrode setup by cyclic voltammetry (CV) and rotating disk electrode (RDE) measurements in alkaline electrolyte. All electrodes are pre-treated by repeated cyclic of the potential from 0.05 to 1 V versus a RHE with a sweep rate of 0.05 Vs -1 to remove surface contaminations. The CV curves of the electrocatalysts at scan rate of 0.02 Vs -1 are showed in Figure 6 . HPMo/rGOCS composites show similar electric double-layer capacitance, which decreases in the composite without heteropolyacid in Fe/rGOCS.
The presence of additional surface electroactive species such as HPMo into the structure of the composites could be responsible for this phenomenon [50] . 
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Fe 2p The ORR activity of the composites in alkaline medium is showed in Figure 7 . rGOCS The electrochemical studies of the catalysts clearly disclose that the P and Mo centers, from molybdophosphoric acid, are responsible sites for facilitating ORR in Fe/Co rGOCS composites. Chemical analysis shows the presence of phosphorus, between 0.3 and 0.4 wt%, in all HPMo/rGOCS composites. This small amount made hard to analyse it by XPS. Therefore, the role of phosphorus center sites in these composites is difficult to determine. It is known, that P-doped carbon has pronounced activity for ORR in alkaline medium due to disrupt bond length and electroneutrality of the carbon framework simultaneously [52] [53] [54] [55] . The simultaneous introduction of phosphorus and nitrogen atoms into carbon has also been studied for ORR in acid medium [56, 57] . P has the same number of valence electrons as N and often manifests similar chemical properties. It has a larger atomic radius and a higher electron-donating ability than N, which makes phosphorous an astute choice as a dopant to carbon materials. However, the electron structure and atomic size of P are dissimilar to those of carbon; in contrast, that of the commonly used N-dopant, which is similar to those of carbon. Recently, density functional theory has been used to investigate how the simultaneous introduction of nitrogen and phosphorus atoms into the graphene lattice enhances significantly its catalytic activity toward ORR [58] . The results showed the importance of designing synthesis procedures to control the dopant concentration and spatial distribution to maximize the number of active sites. In the case of nitrogen, the ORR active sites of N-graphene mainly contain three types of N: graphitic-N, pyrrolic-N, and pyridinic-N [59] . Some authors support that pyridinic-N is catalytically active, while some others suggest that graphitic-N is effective. There are also claims that both pyridinic-and graphitic-N contribute to the catalytic property but with different roles. In our case, the Co composites, which present higher amount of pyridinic N and pyrrolyc N sites with respect to graphitic N, are the most actives electrocatalysts in the ORR.
Obviously, the presence of the cobalt implies an important role on the activity, where cobalt oxide anchored on nitrogen-doped carbons has demonstrated remarkably enhanced catalytic activity and stability for ORR in alkaline electrolyte [60] [61] [62] .
Additionally, in these complex systems, the presence of metal nitrides, detected by XRD and XPS, should be considered for the good performance of ORR. During the carbothermic process, chitosan, Fe y/or Co precursors and molybdophosphoric acid, gradually decompose to several intermediates that include C x N y H z molecules. After annealing, these molecules can behave as both a reducing agent and nitridizing agent to reduce metal oxides and further nitride the transition metals. After this process, molybdenum, cobalt and/or iron nitrides nanoparticles could be obtained. Therefore,
these results may open new avenues for the design of composites utilizing HPMo/graphene/chitosan materials as active Pt-free electrocatalysts for ORR.
Conclusions
We have successfully demonstrated a facile method to synthesize rGOCS composites with different transition metal compositions (Fe, Co and Mo) and decorated with N and P doped heteroatoms as electrocatalysts for ORR. The proposed method involves the use of chitosan as N source and molybdophosphoric acid as P and Mo precursor. The synergetic effect between N and P doped graphene structure, molybdenum and the Fe/Co-based nanoparticles, particularly cobalt, result to unique composites, which facilitate the efficient adsorption of oxygen molecules for improved electrocatalytic activity for ORR in alkaline medium.
